Neuroscientists have been looking for good examples linking neuronal activity to gene expression/regulation involved in synaptic plasticity and the formation of long-term memories. New findings from Park et al. and Waung et al. in this issue of Neuron show that fast dendritic translation of the immediate-early gene Arc/Arg3.1 is involved in hippocampal mGluR-LTD, a protein synthesis-dependent form of plasticity.
For decades, it has been known that the long-term nature of both memory and its predicted underlying forms of synaptic plasticity require protein synthesis. For example, memory consolidation as well as NMDA receptor (NMDAR)-dependent long-term potentiation (LTP) and depression (LTD) in the hippocampus are suppressed beyond 2-3 hr in the presence of protein synthesis inhibitors. However, unraveling the links between synaptic activity, protein translation, and plasticity has been difficult (for a recent review see Flavell and Greenberg, 2008) . One challenge arises from the fact that many forms of plasticity only affect synapses that are active during induction, and, consequently, newly synthesized proteins must either be specifically targeted to or locally translated at those synapses. In addition, protein synthesis may be required within minutes following induction. These spatial and temporal constraints suggest that synthesis must occur locally in dendrites. While identification of polyribosomes in dendrites in the 60s and, more recently, imaging of rapidly synthesized proteins in isolated dendrites have provided evidence that proteins can be locally translated, the contribution of this localization to plasticity remains unclear. A major difficulty for understanding translation-dependent plasticity has been the identification of locally translated proteins that could directly link to changes in synaptic strength. Efforts to uncover stimulus-induced proteins have identified a number of candidates that are elevated in dendrites, including the activity-regulated cytoskeleton-associated protein (Arc; also termed Activity regulated gene of 3.1kb or Arg3.1) (Link et al., 1995; Lyford et al., 1995) . Two new studies in this issue of Neuron now demonstrate that the translation of Arc/Arg 3.1 is locally and rapidly stimulated during the induction of LTD and plays a critical role in the endocytosis of AMPA receptors (AMPARs) resulting in synaptic depression (Park et al., 2008; Waung et al., 2008) .
It is well established that activation of NMDARs or group I mGluRs can induce two distinct postsynaptic forms of LTD at excitatory synapses. While both forms of LTD are mediated by endocytosis and decreased surface expression of AMPARs, they rely on distinct signaling cascades. Remarkably, unlike NMDAR-LTD, mGluR-LTD requires rapid (within 5-10 min) protein synthesis in dendrites (Huber et al., 2000) , but the identity of the ''LTD protein/s'' has thus far remained unknown. By identifying Arc/Arg3.1 as an LTD protein, the studies by Waung et al. (2008) and Park et al. (2008) provide some of the first examples in which local and rapid translation of a specific protein may be directly linked to the processes by which synaptic strength is modulated.
Arc/Arg3.1 is an immediate-early gene (IEG) whose mRNA is targeted to active dendrites in response to robust patterned synaptic activity, including natural stimuli, seizures, LTP, and memory-related behavioral paradigms (recently reviewed in Tzingounis and Nicoll, 2006) . Arc/Arg3.1 protein is found in the postsynaptic density (PSD) associated with the NMDAR complex, and its induction can occur following NMDAR activation. Arc/Arg3.1 mRNA and protein are targeted to synapses that have experienced particular patterns of activity, suggesting that local synthesis of Arc/Arg3.1 protein at synapses may mediate plasticity. In support of this possibility, Arc/Arg3.1 knockout (KO) mice show deficits in late LTP and LTD . In the absence of Arc/Arg3.1, mice fail to form long-lasting memories, an observation consistent with an earlier study reporting memory deficits after delivering Arc/Arg3.1 antisense oligonucleotides into the hippocampus of awake behaving rats (Guzowski et al., 2000) . Recent evidence indicates that Arc/Arg3.1 functions to regulate AMPAR trafficking. Indeed, by interacting with endophilin 2/3 and dynamin, Arc/Arg3.1 promotes selective AMPAR endocytosis (Chowdhury et al., 2006; Rial Verde et al., 2006) .
In a series of elegant experiments that include a combination of biochemical, genetic, and electrophysiological approaches, Waung et al. (2008) and Park et al. (2008) now show that group I mGluR activation results in a rapid ($3-5 min) dendritic increase in Arc/Arg3.1 protein that is crucial for mGluR-dependent LTD. Synthesis appears to be local, as it can be induced in isolated dendrites (Waung et al., 2008) . Experiments using cultured hippocampal neurons show that knockdown of Arc/Arg3.1 protein abolishes mGluR-induced changes in surface AMPAR expression and LTD (chemically induced by brief application of the group I mGluR agonist DHPG), whereas acute inhibition of new Arc/Arg3.1 synthesis with antisense oligonucleotides blocks mGluR-LTD and AMPAR trafficking (Waung et al., 2008) . In addition, overexpression of Arc/Arg3.1 protein decreases basal levels of surface AMPARs and occludes mGluR-dependent decrease in AMPAR surface expression (Waung et al., 2008) . Consistent with these findings, experiments using acute hippocampal slices by Park et al. (2008) demonstrate that chemically and synaptically induced mGluR-dependent LTD at the Schaffer collateral to CA1 pyramidal cell synapse are both impaired, albeit not abolished, in Arc/Arg3.1 KO mice (Park et al., 2008) , suggesting that other factors are required for full expression of LTD. It remains to be determined whether residual mGluR-LTD in Arc/Arg3.1 KO mice still requires protein synthesis.
How does activation of mGluRs increase Arc/Arg3.1 translation in dendrites? Park et al. (2008) propose that this process requires the Eukaryotic Elongation Factor-2 kinase (eEF2K), a Ca 2+ / calmodulin-dependent kinase known to control protein synthesis by inhibiting translational elongation. eEF2K binds group I mGluR and dissociates upon mGluR activation (Park et al., 2008) . As a result, eEF2K phosphorylates eEF2 that inhibits general protein synthesis, but intriguingly it simultaneously increases Arc/Arg3.1 translation. In support of this model, genetic deletion of eEF2K results in a selective deficit of rapid (within 5 min) mGluR-dependent Arc/Arg3.1 translation and mGluR-LTD (both chemically and synaptically induced LTD). This observation is consistent with previous findings showing that knockdown of eEF2K inhibits mGluR-but not NMDAR-mediated AMPAR endocytosis (Davidkova and Carroll, 2007) .
Protein synthesis-dependent mGluR-LTD is known to be aberrant in Fmr1 KO mice, an animal model of fragile X syndrome-the most common inherited form of mental retardation and autism-that is caused by a deficit in fragile X mental retardation protein (FMRP) expression (for a recent review see Ronesi and Huber, 2008) . FMRP is proposed to function as a repressor of mRNA translation that reportedly binds, and possibly regulates, Arc/Arg3.1 mRNA, resulting in Arc/Arg3.1 dysregulation in Fmr1 KO mice (see Ronesi and Huber, 2008) . Park et al. (2008) directly tested this possibility and found that rapid but not delayed induction of Arc/Arg3.1 expression (see below) is disrupted in hippocampal neurons from these mice. They also found that mGluR-LTD is reduced but not abolished in Arc/Arg3.1/Fmr1 double KO mice. Unexpectedly, the magnitude of mGluR-LTD in Fmr1 KO and wild-type mice was comparable (Park et al., 2008) . Taken together, these findings strongly suggest that Arc/Arg3.1 is required for mGluR-LTD in Fmr1 KO mice but also indicate that additional mechanisms contribute to the abnormal LTD in these mice.
These exciting new findings advance our understanding of the critical requirement for spatial and temporal regulation of protein synthesis in a specific form of homosynaptic plasticity but like other important studies also prompt several new questions. For example, eEF2K and FMRP are both targeted to dendrites, thus allowing for their local activation, but is this sufficient to afford synapsespecific plasticity? Both FMRP and eEF2K appear to have means to isolate their activation to individual spines. FMRP localizes to spine heads and is triggered to exit those spines by mGluR activation, thereby likely enabling derepression of some synaptic mRNAs (see Ronesi and Huber, 2008) . Park et al. (2008) demonstrate that eEF2K interacts with Homer and mGluR1/5 in a calciumdependent manner. By bringing IP 3 R into physical proximity to mGluRs, Homer may create a signaling microcompartment in which spatial compartmentalization of effectors and targets may facilitate eEF2K dissociation and activation at individual spines. Local activation of regulators of protein translation, however, does not ensure that the actual synthesis and targets of newly formed proteins are restricted to activated spines. In fact, enhancement of Arc/Arg3.1 synthesis by reducing global translation with cyclohexamide, while not sufficient to induce AMPAR endocytosis, can rescue mGluR-LTD in eEF2K KO mice (Park et al., 2008) . Consequently, mGluR activation at individual synapses apparently couples to a parallel process initiating Arc/Arg3.1-dependent increases in AMPAR endocytosis. This suggests the intriguing possibility that this unknown step may act as a ''synaptic tag'' by enabling Arc/Arg3.1 to function only at synapses in which mGluRs are activated.
Findings by Park et al. (2008) and Waung et al. (2008) highlight the temporal regulation of Arc/Arg3.1-dependent plasticity. mGluR-LTD induces translation of synaptic Arc/Arg3.1 very rapidly but, as with stimuli that induce LTP, mGluR activation also elevates Arc/Arg3.1 mRNA expression followed by delayed (30-60 min) changes in the abundance of Arc/Arg3.1. What is the purpose of this dual temporal regulation of Arc/Arg3.1 synthesis? Previous studies reported that protein synthesis does not appear to be required for rapid internalization of AMPARs during mGluR-induced synaptic depression (15 min) but is critical for AMPAR internalization at later times (Nosyreva and Huber, 2005) . Waung et al. (2008) now find that 1 hr after DHPG (but not NMDA) exposure the rate of AMPAR endocytosis is increased by an Arc/Arg3.1-dependent mechanism. Interestingly, mGluR-LTD is deficient even at the earliest time points following its induction in Arc/Arg3.1 KO mice, raising the question as to the functional contribution of Arc/Arg3.1 during the initial phase of depression. In addition, measurements of synaptic function following induction of mGluR-LTD indicate that the synaptic expression of AMPARs is stable despite increased endocytic rates. This observation suggests that exocytic rates must be elevated to compensate for receptor loss, thus preventing possible depletion of synaptic receptors. Future studies will need to determine the mechanisms underlying such compensatory changes and the functional consequence of elevating AMPAR turnover rate at later times following LTD induction. A possible scenario is that rapidly synthesized Arc/Arg3.1 in response to mGluR activation may act as a ''molecular primer'' for subsequent long-lasting modifications of synaptic activity via regulated AMPAR endocytic trafficking.
One of the most exciting aspects of these new studies on Arc/Arg3.1 is that they provide tangible evidence of a translation-dependent link between a specific synaptic signal and a specific change in synaptic function. It appears clear, however, that the regulation of Arc/Arg3.1 expression has an impact on synaptic plasticity beyond that observed for mGluR-LTD. Low-frequency stimulation (LFS) induces a form of protein synthesis-dependent LTD believed to be mediated by activation of NMDARs. LFS-LTD is strongly attenuated in Arc/Arg3.1 KO mice , and Arc/Arg3.1 overexpression occludes both mGluRand NMDAR-dependent AMPAR internalization (Waung et al., 2008) . Together, these observations suggest that two distinct forms of plasticity may use different pathways for initial induction but rely on a shared mechanism involving Arc/Arg3.1-containing endosomes for long-term consolidation. Given that activation of the M1 muscarinic acetylcholine receptor (mAChR) also induces a form of LTD that requires rapid protein synthesis and is expressed by a decrease of surface AMPARs, it is conceivable that Arc/Arg3.1 expression may play a role in LTD triggered by other G protein-coupled receptors. Synaptic Arc/Arg3.1 expression is also induced by stimuli that trigger LTP and is critical for LTP consolidation. In Arc/ Arg3.1 KO mice, high-frequency stimulation induces potentiated EPSPs that rapidly decay to baseline levels resulting in loss of late-phase LTP . How can Arc/Arg3.1, which promotes internalization of AMPARs, participate to the sustained potentiation of AMPAR responses underlying LTP? Recent findings uncovered a functional link between Arc/Arg3.1 synthesis and actin remodeling during LTP (Messaoudi et al., 2007) . Inhibition of Arc/Arg3.1 synthesis during the late phase of LTP is associated with dephosphorylation of cofilin and inhibition of actin polymerization/stabilization, suggesting that Arc/Arg3.1 may contribute to the actin-dependent spine remodeling underlying synaptic plasticity. It is therefore possible that different stimulus conditions enable Arc/Arg3.1 to specifically enhance either actin remodeling with LTP or receptor endocytosis with LTD. Alternatively, Arc/Arg3.1 synthesis may be necessary to prime synapses for further stimulus-dependent long-lasting modifications. Arc/Arg3.1-containing endosomes may function as a ''plastic'' reservoir that can regulate receptor turnover and actin remodeling in response to different stimuli. The functional outcome, depression versus potentiation, would entail the participation of additional factors whose identities remain to be determined. It is certain that future studies will continue to unravel the emerging complexity underlying the ups and downs of protein synthesis-dependent plasticity.
One way to localize sounds is to measure differences in sound intensity at the two ears. This comparison is made in the lateral superior olive, where signals from both ears converge. Magnusson et al. in this issue of Neuron show that dendritic GABA release can regulate this comparison, which may allow animals localizing sounds to adapt to listening conditions. The lateral superior olive (LSO) is a brainstem nucleus that plays an important role in sound localization. Mammals use three major cues to localize sounds: the intensity and timing differences of sounds at the different ears and spectral properties of sounds as they are filtered by the external ear. The LSO is the first place in the auditory pathway where cell responses are affected by the intensity difference between the two ears (called interaural level difference or ILD) (Boudreau and
